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Abstract 

In order to reveal many-body interactions in the three-dimensional (3D) perovskite man¬ 
ganite, we have performed an in situ angle-resolved photoemission spectroscopy (ARPES) on 
Lao. 6 Sro. 4 Mn 03 (LSMO) and investigated the behaviors of quasiparticles. We observe quasipar¬ 
ticle peaks around the Fermi momentum, both in the electron and the hole bands, and clear 
kinks throughout the hole Fermi surface in the ARPES band dispersion. The isotropic behavior 
sharply contrasts to the strong anisotropic quasiparticle excitation observed in layered manganites. 
These results suggest that polaronic quasiparticles by coupling of the electrons with Jahn-Teller 
phonons play an important role in the physical properties of the ferromagnetic metallic phase in 
3D manganite LSMO. 

PACS numbers: 71.30.-t-h, 79.60.-i 


1 


Lai_3;Sr3;Mn03 is a typical hole-doped perovskite manganese oxide that has attracted 
considerable attention because of its unusual physical properties, such as colossal magne¬ 
toresistance behavior and the half-metallic nature of its ground state and hence for spintron- 


ics applications [l|. The exceptional properties originate from the strong interplay between 


the charge, lattice, orbital, and spin degrees of freedom j^. Consequently, the electronic 
and magnetic phases of Lai_3;Sr3;Mn03 are sensitive to changes in the strength of these 
mutual couplings, which result in the rich phase diagrams for the manganites. In order to 
clarify the origin of these properties of Lai_a;Sra,Mn03, we must understand the detailed 
electronic band structures, especially the interactions of electrons with other degrees of free¬ 
dom and their anisotropic aspects. Angle-resolved photoemission spectroscopy (ARPES) 
is a powerful tool for investigating many-body interactions in quasiparticles as functions 
of binding energy and momentum [ 3 |. From the line-shape analysis of the ARPES spectra, 
the momentum-resolved self-energy of quasiparticles, which reflects many-body interactions, 
has been widely discussed in strongly correlated electron systemsj_^such as high-Tc cuprate 
superconductors 5 | and the surface states of transition metals [ 6 - 101 . 

Therefore, ARPES measurements will allow us to clarify the roles of relevant interactions 
in the physical properties of manganites. Using the momentum-dependent information on 
the interactions, the remnant Fermi-surface (FS) topology, and the quasiparticle dynamics 
which are coupled to collective excitations, have been investigated using ARPES measure¬ 
ments. ARPES studies on layered manganites have revealed a pseudogap formation [n| and 

the existence of quasiparticle excitations with a nodal-antinodal dichotomous characteristic, 

□ 

which is similar to the characteristic feature of high-Tc cuprate superconductors [ 1 ^. The 
resulting anisotropic kink observed in the layered manganites strongly suggests that the 
important underlying physics among two-dimensional ( 2 D) strongly correlated oxides. 


On the other hand, such a kink has not been observer 


dimensional ( 3 D) perovskite manganite Lai_3;Sr3;Mn03 |l 3 l 4 l 8 |. In these studies, single 


in the ARPES studies on three- 


crystal surfaces are prepared using recently developed sophisticated growth techniques for 
oxide thin Elms 19 |. Recent progress in the laser molecular beam epitaxy (MBE) technique 
has enabled the growth of manganite Elms by controlling their growth process at an atomic 
level. Using well-deEned surfaces of eptaxial Elms, the band structures of Lai_j;Srj.Mn03 
that do not possess cleavable planes have been intensively studied using in situ ARPES 
measurements. Nevertheless, the absence of a kink in 3 D manganites has been questioned 
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because relevant many-body interactions in strongly correlated oxides are also expected to 
be strong in 3D manganites. It should be noted that such a kink has also been observed in 
the 2D electronic states, which are located at the interface between 3D manganites LaMnOa 
and SrMnOa in their superlattices 0 - 

Thus, in order to better understand the physics of manganites, we must determine 
whether the kink observed in the layered manganites is inherent in 2D systems or exists 
in 3D systems, too. However, the lack of information concerning many-body interactions 
in the electronic structure near the Fermi level {Ep) in 3D manganites has hindered our 
understanding of the interaction between electrons with other degrees of freedom in the 
manganites. In this Letter, we have observed quasiparticle peaks and kinks in the band dis¬ 
persion of 3D manganite Lao, 6 Sro. 4 Mn 03 (LSMO) by a precise and detailed investigation of 
3D electronic structure; in situ high energy-resolution ARPES measurements using the tun¬ 
able excitation energy of synchrotron radiation enable us to trace the electronic structures 
in momentum space in every 3D direction. From their energy and momentum dependence, 
interactions of electrons with other degrees of freedom are considered to be a possible origin 
of the kink in LSMO. 

Samples of LSMO were grown on the atomically-flat (001) surface of Nb-doped SrTiOs 


su 


21 


Dstrates using a laser MBE method. Growth conditions are detailed in Refs. 


15 


and 


The fabricated Elms were immediately transferred through an ultrahigh vacuum to 
the ARPES chamber without exposure to air lOj. The in situ ARPES measurements 
were carried out at beamline BL-28A of the Photon Factory (PF), KEK, at the sample 
temperature of 12 K using circular polarized synchrotron radiation for the excitation light 
source. The total energy and angular resolutions were set to approximately 20 meV and 
0.3°, respectively. The Ep of the samples was calibrated by measuring a gold foil that was 
electrically connected to the samples. 

The LSMO films have a tetragonal crystal structure as a result of the epitaxial strain from 
the SrTiOs substrates. In order to map FS onto high-symmetry planes in the tetragonal 
Brillouin zone (Fig. [1] (a)), photon energies of 88 eV for the FXM plane and 60 eV for the 
ZRA plane were selected as shown in Fig. [1] (b). Figure [T] (c) and (d) display the results 
of the FS mapping for the photon energies of 88 eV and at 60 eV, respectively. These 
results were obtained by plotting the intensity within the energy window of ± 20 meV from 
the Ep in the ARPES spectra. Comparing with the predicted FS which was produced by 
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local-density-approximation (LDA) calculations 


Q,E, 


23l |. we see a small electron pocket 


centered around the F point and a large hole pocket centered around the A point. The 
dramatic changes in the FS with the photon energy, as well as the good agreement between 
the ARPES results and LDA calculations, indicate that our ARPES results do not reflect 
surface electronic structures but rather 3D bulk electronic structures with energy dispersion 
in the k± direction. The finite density of states inside the electron and hole FSs centered 
around the F and A points, respectively, as well as the remanent FS in Fig. [1] (c) centered 


around the M point, similar to the hole poc 
due to the effect of k± broadening 0,0 


around the A point in Fig.[T](d), are probably 

The energy dispersion of the bands that form the FS is shown in Fig. [2J In each FS, we 
observe a clear band dispersion with the Fermi cutoff, which reflects the metallic ground state 
of the LSMO. Pseudogap behaviors due to a nesting instability observed in 2D manganites 
[n| cannot be seen in the ARPES spectra of the 3D LSMO. In the energy distribution curves 
(EDCs) shown in Fig. |2] (b) and (d), one can see small but distinct fine peak structures near 
Ep, which seem to have a ’’peak-dip-hump” structure, around the Fermi momentum [kp) in 
both the electron and hole bands. In order to examine the possible coupling of quasiparticle 
with collective excitations, we analyze the momentum distribution curves (MDGs) of the 
ARPES spectra. For the electron band, determining the exact MDC peak positions is 


difficult because of 


electron pocket [15 


he substantial background due to the k_i broadening from the 3D small 


ITj . Therefore, we concentrate on analyzing the hole band. Figure [3] (a) 


shows an expanded plot of the intensity map in the near-Ep and near-fcp region for the hole 
band that was displayed in Fig. [2] (c). The intensity modulation that is derived from the 
peak-dip-hump structure is also exhibited in the intensity plot of the hole band. Figure [3] 
(b) displays the band dispersion obtained from the plot of the peak positions of the MDGs, 
which are determined by fitting the MDG to the linear combination of Lorentzians and a 
smooth background originating from the k± broadening of the hole pocket, which can be 
seen in the upper panel of Fig. [2] (c). A clear kink in the band dispersion can be observed at 
the binding energy of approximately 50 meV, which corresponds well to the peak-dip-hump 
structures in the EDGs. 

In order to determine the characteristic energy scale for the observed kink structure, we 
have experimentally determined the real part [ReS(a;)] and the imaginary part [ImS(a;)] of 
the self-energy as functions of binding energy u from the width Ak and the peak positions 
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km of the MDCs in the ARPES spectra. If we assume that the bare band dispersion near 
E-p is linear, the ReS(a;) and ImS(a;) can be expressed by the following equations |25l |: 


ReE(a;) = u — {km — kp) ■ vq 
ImS(a;) = Ak-vo/2 


( 1 ) 


We can validate the approximations in the analysis of the LSMO because the experimental 
band dispersion can be htted well using a linear function, excluding the kink region, as 
shown in Fig. [3] (b). The bare velocity vq is dehned as the slope of this linear function, 
therefore the effects of electron-electron interactions and momentum dependence in ReS(a;) 
have been eliminated in this dehnition of ReSfo;). In addition, the hole band of the LSMO, 

n n 

which was predicted by the LDA calculations 122|, exhibits almost linear dispersion 
in the range of 200 meV from Ep. Figure [3] (c) and (d) displays ReS(a;) and ImS(a;), 
respectively, which were obtained from the MDCs using these equations. The overall line 
shapes of both Re^o^ and ImS(a;) are similar to those observed in the surface bands of the 


transition metals 


SB 


10l |. This suggests that the origin of the kink in the ARPES band 


is an electron-boson coupling as in the case of the transition-metal surface bands. ReS(a;) 
exhibits a peak structure at the binding energy of approximately 50 meV, which corresponds 
to the kink in the ARPES band dispersion. It should be noted that the kink observed in the 
50 - 60 meV energy region in this study is characteristic of another perovskite oxide SrVOa 


26| 


Coupling constant A ~ 1.8 of the electron-boson interaction is obtained from the slope 
of ReE(c(;) at Ep jo, 10|. The substantially large value of A compared with SrVOa indicates 
a much stronger coupling of the quasiparticle with boson excitations in the LSMO. The 
effective mass enhancement factor, 1 -|- A ~ 2.8, agrees well with the value deduced from 
the electronic specihc heat coefficients j^, which suggests that the enhanced effective mass 
in the LSMO could originate from a strong electron-boson coupling. Furthermore, ImS(ci;) 
exhibits an dependence for binding energy values greater than 50 meV, which reflects the 
electron-electron interaction predicted by the Fermi-liquid theory. In the near-Fp region of 
within 50 meV from Ep, ImS(ci;) rapidly deceases as uj decreases. This also suggests the 
existence of the electron-boson interactions on the characteristic energy scale of ~ 50 meV. 

The quasiparticle peak with a kink has also been observed in the 2D layered manganite 


Lai 2 8^^207 


12| . That kink has A as large as ~ 4.6 indicates the existence of an inherent 
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strong electron-boson coupling in perovskite manganese oxides. However, the momentum 
dependence significantly differs between the 2D manganites and our 3D manganites. In 
Lai, 2 Sri. 8 Mn 207 , the quasiparticle peak is the sharpest along the (0, 0) to (tt, tt) diagonal 
directions, which is analogous to the high-T^ cuprates. In contrast, our ARPES results for 
the 3D LSMO provide evidence for the existence of the kink and the sharp quasiparticle peak 
along the (vr, 0, 0) to (tt, tt, 0) directions, i.e., the antinodal directions in the high-Tc cuprates. 
Furthermore, the isotropic nature of the kink for the hole FS can be seen in Fig. 01 Kinks in 
the band dispersion at almost the same energy of around 50 meV and sharp edges at E-p are 
observed throughout the hole FS from the antinodal to near-nodal directions without any 
signature of nesting instabilities as observed in 2D manganites 12|. Strongly localized 
bosons coupled with electrons most likely cause these isotropic kinks in the momentum space 
of 3D manganites. 

We consider two plausible interactions in order to clarify the origin of the quasiparticle 
excitation and the resulting kinks in LSMO; the coupling of electrons with magnetic excita¬ 
tions and the coupling of electrons with phonon modes. Concerning the coupling of electrons 
with the magnetic excitations (namely, ferromagnetic magnons in double-exchange mangan¬ 
ites), spin wave dispersions throughout the Brillouin zone have been investigated using the 
inelastic neutron scattering on Lao.rPbo.sMnOs 2^. The magnon band is highly disper¬ 
sive and has a bandwidth of ~ 100 meV, suggesting that electron-magnon interactions are 
broadened in the energy scale and limited to particular regions in momentum space, which 
are defined with critical momentum transfer vectors. Consequently, we expect the quasi¬ 
particle excitation and kink to have a large anisotropy in the momentum space. Moreover, 
the half-metallic electronic structure of LSMO does not allow magnon excitations to scatter 
electrons near Ep since spin-flip scattering cannot occur near Ep because of the full spin 
polarization. 

As for the coupling with phonon modes, phonon dispersions have also been determined 
using inelastic neutron scattering on Lao.rSro.sMnOa [29|, ISOj. Several less-dispersive, that 
is, relatively localized phonon-mode branches are observed around the energies of 50 meV. 
In particular, a phonon branch, which is derived from the excitation of a Jahn-Teller (JT) 
phonon mode with linear-breathing characters, is located at the energies between ~40 meV 
at the P point and ~60 meV at the zone boundary, which is close to the kink energy ob¬ 
served in the ARPES band dispersions. Therefore, it is reasonable to conclude that k ink 
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in the band dispersions results from the interaction of electrons with JT phonon modes. 
Strong interaction between electrons and local JT phonons in LSMO has been considered 
to lead to the formation of JT small polarons. However, the observation of the well-dehned 
quasiparticles at least near E-p indicated that electrons (or holes) around Ep basically form 
energy bands and that the ideal small polaron formation is not very likely. Probably, po¬ 
larons of intermediate size between small polarons and large polarons may be formed. JT 
distortions are collectively excited by electron (or hole) hopping between JT active Mn^+ 
and inactive Mn^+ ions. Consequently, the effective mass of quasiparticles is enhanced, even 
in the ferromagnetic metallic phase in LSMO. Indeed, a polaronic signature in ferromagnetic 
metallic manganites was recently observed in a scanning tunneling spectroscopic study of 


Lao.7Cao.3Mn03 


3l|. 


In summary, we perform an in situ ARPES study of 3D LSMO and hnd the isotropic 
quasiparticle excitation peaks and kinks in the experimental band dispersions. The ob¬ 
served isotropically strong renormalization of the band dispersions suggests that the elec¬ 
trons strongly interact with localized JT phonons and that the polaronic quasiparticles play 
an important role, even in the ferromagnetic metallic phase of LSMO. 
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FIG. 1: (Color online) (a) Brillouin zone for the tetragonal structure of epitaxially strained LSMO 
films, (b) Measured lines in momentum space for photon energies of 60 eV and 88 eV. (c) FS map¬ 
ping for photon energies of 88 eV corresponding to the FXM plane and (d) of 60 eV corresponding 
to the ZRA plane. Insets in Fig. [1] (c) and (d) illustrate the electron pocket around the F point 
and the hole pocket around the A point of the Brillouin zone, respectively, which were predicted 
by band structure calculations [la. 
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FIG. 2: (Color online) ARPES spectra of LSMO films taken at photon energies of 88 eV along the 
F-X direction [(a) and (b)] and of 60 eV along the R-A direction [(c) and (d)]. (a) and (c) Intensity 
map of ARPES spectra (lower panels) and MDGs at Ep (upper panels). Filled triangles indicate 
the kp points determined by the peaks in the MDGs. The MDC along the R-A direction have been 
fitted to a linear combination of Lorentzians and a smooth background, (b) and (d) EDCs around 
the kp points. Black thick spectra correspond to the EDCs at the kp points. 
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FIG. 3: (Color online) (a) Expanded intensity map for the hole band in the near-Ep and near- 
kp regions [the box in Fig. [2] (c)]. (b) Band dispersion along the R-A direction determined by 
tracing the peak positions of MDGs. The dashed line indicates results of linear fitting on the band 
dispersion excluding the kink region, (c) ReS(w) obtained from the MDC analysis of the ARPES 
spectra. The dashed line indicates the slope of ReS(w) at Ep, which corresponds to the coupling 
constant A. (d) ImS(a;) obtained from the MDC analysis of the ARPES spectra. The dashed line 
indicates a fitted curve to the high-cu region of ImS(u;) with an function, which corresponds to 
the electron-electron interaction predicted by the Fermi-liquid theory. 
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FIG. 4: (Color online) (a) FS mapping for photon energy of 60 eV corresponding to the ZRA plane, 
which is the magnification of Fig. [1] (d). (b) - (d) Momentum dependence of the EDCs around kp 
and (e) - (g) of the band dispersion obtained from the MDGs along cuts B - D, respectively, in 
Fig. [4] (a). Black thick spectra in EDCs correspond to the spectra at the kp points. Note that the 
EDCs around kp and the band dispersion along a cut A are shown in Eig. [2] (d) and Eig. [3] (b), 
respectively. 
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